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ABSTRACT

Ultra-Reliable Low-Latency Communication (URLLC) was
introduced in 5G to meet the demanding requirements of la-
tencies as low as 0.5 ms and reliability of 99.999 % for specific
applications. Despite over a decade of discussions on URLLC,
achieving these standards in real-world implementations re-
mains challenging. We argue that it is unclear if and how
URLLC can be attained and a holistic system-level perspec-
tive that addresses all the system’s inherent bottlenecks is
needed. Inspired by a real-world 5G testbed, we present this
comprehensive vision and show how to achieve latency re-
quirements by outlining the necessary design choices across
all system layers, including the processing and radio units.
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1 INTRODUCTION

Ultra-Reliable Low-Latency Communications (URLLC) is a
new service introduced in 5G to support mission-critical ap-
plications with stringent demands for reliability and latency.
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URLLC aims to deliver a 0.5 ms latency of both uplink (UL)
and downlink (DL) channels (1 ms round trip) with a reliabil-
ity higher than 99.99 % [8]. While the specific requirements
vary across applications, sub-millisecond latency remains
critical for certain use cases [3]. URLLC opens up a wide
range of applications [12, 33, 52], including autonomous vehi-
cles [22], industrial automation [13, 16], remote surgery [20],
smart grids [25], virtual and augmented reality (VR/AR) [24],
professional live audio production [33], and public safety
communications [29, 55], where real-time communication
is essential. URLLC can also improve the performance of
classical applications like web browsing and gaming [44, 51].

3GPP, the standardization body for cellular networks, first
introduced 5G URLLC with Release 15 in late 2017 [1]. De-
spite more than a decade of discussions starting in mid
2010s [58] and four years since the initial commercial de-
ployments of 5G [34], real-world implementations of URLLC
satisfying the specified requirements remain elusive. It is not
entirely clear under what network architecture and configu-
ration such latencies can be achieved. Moreover, discussions
around 6G indicate even stricter latency goals of 0.1 ms up-
link and downlink (0.2 ms round trip) [14, 21, 23, 45].

While there have been some practical implementations
targeting URLLC, they do not achieve the latency [16, 28,
33, 42, 43] or reliability requirements [19, 56]. Most of the
research on URLLC remains theoretical or based on simula-
tions. [18, 27, 49, 56] propose reducing the time slot transmis-
sion duration to minimize latency. However, they disregard
bottlenecks inherent in the system and the protocols, which
impede achieving specified constraints in practice, as we will
show in this paper. Moreover, many research papers assume
the availability of URLLC and focus on the coexistence of it
alongside other services, e.g., enhanced Mobile Broadband
(eMBB) [11, 23, 26, 30, 39, 48, 57].

In this paper, we ask: Are the latency and reliability re-
quirements of URLLC achievable in practical 5G systems? We
argue that answering this question is non-trivial but rather
exceedingly challenging due to many software, hardware,
and protocol factors that can affect latency once we consider
the entire system?.

!t is worth noting that we could achieve these requirements if we modified
the 5G standards and implemented most layers in an Application-Specific
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Figure 1: Possible TDD configurations: (a) Common Configuration,
(b) Mini Slot, (c) Slot Format

To better appreciate the challenges in answering this ques-
tion, consider the following example. In sub-6 GHz frequency
bands, 5G specifications limit the minimum time slot dura-
tion to 0.25 ms due to scalability and bandwidth constraints
[5]. However, it might take multiple time slots before a packet
can be scheduled for transmission by the Medium Access
Control (MAC) layer, passed to the Physical (PHY) layer, and
finally transmitted on the radio as we describe in more de-
tail in § 4, making it extremely challenging to meet URLLC
requirements. On the other hand, in high-frequency mil-
limeter wave (mmWave) bands, 5G specifications support
very narrow time slots as low as 15.625us [4]. However,
mmWave frequencies are not reliable as they require line-
of-sight to the base station, can be easily blocked, and suffer
with mobility due to the directional nature of mmWave radio
transmissions [32, 41]. Based on recent measurements, sub-
millisecond latencies in 5G mmWave can be achieved only
4.4 % of the time rather than 99.99 % of the time [19]. Apart
from the time slot duration and frequency band, many dif-
ferent configurations in the 5G protocol affect latency, such
as Time Division Duplexing (TDD) vs Frequency Division
Duplexing (FDD), period of scheduling requests, grant-based
vs. grant-free uplink transmissions, TDD configurations of
uplink and downlink slots, ...

In this paper, we uncover the inherent bottlenecks in the
5G system through a system-level analysis based on a real-
world 5G testbed. We highlight the factors and challenges in
achieving URLLC and categorize the different latency sources
in a 5G system into three categories: protocol, processing,
and radio latencies. We show that the latency can be bot-
tlenecked if any of these sources are overlooked, and we
emphasize the interdependency between these sources on
the overall latency of the system. We then provide the system
design choices needed to meet the specified latency require-
ments. Finally, to demonstrate the validity of our analysis,
we test our arguments on a real-world 5G testbed. While we
show that URLLC is, in principle, possible, the set of possi-
ble system designs is quite limited, and some might not be
practical once additional factors are considered. We argue
that to design a practical URLLC 5G network, further factors
must be considered with real-world evaluations.

Integrated Circuit (ASIC). However, ignoring the standards means we can-
not leverage the 5G infrastructure or commercial devices, making it an
impractical solution.

Maghsoudnia et al.

2 BACKGROUND

Similar to 4G LTE, 5G New Radio uses Orthogonal Frequency-
Division Multiplexing (OFDM) at the PHY layer, where the
bandwidth is divided into frequency subcarriers on which
data is modulated. However, unlike 4G which has a fixed
subcarrier spacing (SCS), the SCS in 5G can be selected
among seven numerologies (1). Numerologies 0 to 2 are
available in low and mid-frequencies (sub-6 GHz), known as
Frequency Range 1 (FR1), while numerologies 2 to 6 are avail-
able in the so called mmWaves (24.25 to 52.6 GHz), known
as Frequency Range 2 (FR2) [8]. The SCS can be derived as
15kHz - 2# [4]. Regardless of the numerology, 14 OFDM sym-
bols are grouped into a time domain slot, whose duration is
1ms/2”. As a result, higher numerologies are key enablers
for low-latency communication in 5G.

Due to the shared nature of the wireless medium, the
base station, also known as next-generation NodeB (gNB),
needs to allocate the frequency and time resources to the
user equipment (UE). This allocation is known as resource
scheduling. After allocation, the gNB sends the results to
UEs as part of the control information, which can only be
sent once per slot. Consequently, in practice, the scheduling
task is done just once per slot.

The data sent from the gNB to the UE is called DL data,
while the data sent from the UE to the gNB is called UL
data. Two forms of duplexing are defined in the 5G standard,
namely TDD and FDD. In FDD, two distinct, non-overlapping,
and equal frequency bandwidths are allocated for the DL
and UL channels [5]. In contrast, TDD uses the same band-
width for both, separating UL and DL temporally. As a result,
TDD can change the ratio between UL and DL resources by
defining time domain allocations on the fly. In terrestrial 5G
networks, FDD is only supported in sub-2.6 GHz bands [5],
which are usually occupied by public 5G mobile operators.
Private 5G networks, consequently, are allocated the bands
that only support TDD by the spectrum manager. Hence, for
the URLLC applications targeted by private 5G networks,
such as industrial automation [13] and hospitals [31], the
only viable option is to use TDD.

Time domain slots are grouped into periods, and their
characterization in TDD (DL, UL, mixed, or empty) depends
on the configuration type, which can be either Common
Configuration [7], Slot Format [6], or Mini Slot [2].

e Common Configuration. Each period in Common Con-
figuration (shown in Fig. 1a), can be composed of one or
two consecutive patterns. A pattern consists of several DL
slots D, followed by one mixed slot M, and several UL slots
U. The mixed slot begins with the DL symbols, followed by
empty guard symbols, and concludes with the UL symbols.
The use of guard symbols when switching from DL to UL
is mandatory due to synchronization considerations. Hence,
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Figure 2: Journey of a Ping Request.

switching too often between DL and UL can waste resources.
The standard restricts the period of the two patterns to be in
the set {0.5, 0.625, 1, 1.25, 2, 2.5, 5, 10} ms [7].

e Mini Slot. When using Mini Slot (shown in Fig. 1b), the
gNB uses the first couple of symbols of each time slot to
inform the UEs of the characterization of the remaining sym-
bols in the slot (UL, DL, or empty). The Mini Slot configura-
tion provides more fine-grained allocation at the expense of
increased signaling overhead.

o Slot Format. The Slot Format (shown in Fig. 1c) shares the
same principle as the Mini Slot. The difference lies in the fact
that, in Slot Format, the permissible formats are predefined
by the standard [6]. By doing so, the gNB can reduce the
signaling overhead, in exchange for more coarse-grained
allocation schedules.

3 JOURNEY OF A PACKET

To understand the latency in a 5G system, we trace the jour-
ney of a ping request sent by a UE in a 5G network, examin-
ing the network stacks of both the UE and the gNB. Fig. 2
provides an overview of the steps discussed below.

The journey begins at the Application (APP) layer in the
UE with the creation of a ping request. The UL data passes
through the Service Data Adaptation Protocol (SDAP) layer
for quality of service management and then the Packet Data
Convergence Protocol (PDCP) layer for encryption. Next,
the data moves through the Radio Link Control (RLC) layer,
for segmentation and reassembly. The MAC layer manages
access to the shared medium. The UE first sends a Scheduling
Request (SR) ((b) in Fig. 2) and then sends the data after re-
ceiving a UL grant (© in Fig. 2). In the PHY layer, the data is
encoded and modulated into samples. The Radio Head (RH)
converts these samples into Radio Frequency (RF) signals
and sends them to the gNB over the air. On the gNB side,
the RH captures the signals and converts them into samples,
further demodulated and decoded into the data. The gNB re-
constructs the request from PHY to SDAP and encapsulates it
into a General Packet Radio Service Tunneling Protocol User
Plane (GTP-U) packet, forwarding it to the User Plane Func-
tion (UPF). The UPF decapsulates the payload and forwards
it to the destination over IP.
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The ping reply traces back the same route. However, it can
be immediately scheduled for DL transmission at gNB’s MAC
layer. The ping journey involves multiple steps contributing
to the latency, which we explore in the following section.

4 LATENCY SOURCES
We divide latency sources into three main categories:

(1) The processing latency consists of the time required for
decision-making and data processing.

(2) The protocol latency is introduced by protocol mecha-
nisms and configurations.

(3) The radio latency includes the time spent in the RH and
its interaction with the PHY layer.

To analyze them, we detail the ping journey in Fig. 2 from a
temporal perspective and present a breakdown in Fig. 3.

For a ping request, the UL transmission begins at the UE
in (1). The UE prepares the SR, processing through the layers
from APP down to PHY (APP)), to request network resources.
However, the UE must wait for the next UL slot to respect
the TDD pattern. (2) The UE transmits the SR in the next UL
slot to the RH at the gNB side. (3) The RH passes samples
to the PHY layer, where they are demodulated and decoded.
The MAC layer receives the SR and schedules a UL grant
for the UE. The scheduling (SCHE) does not occur right
away, as it is performed periodically in every slot (cf. § 2).
(9 Consequently, the grant is scheduled in the next slot. (5)
Afterward, the gNB sends the grant to the UE as part of the
control information. (6) After the UE receives the grant, it
waits for the next UL slot and sends the ping request to the
gNB (TMAC|). (7) Finally, the gNB processes the UL data
samples and passes the ping request to the UPF through the
layers from MAC up to SDAP (MACY).

For the ping reply, the DL transmission begins at the gNB
in (8). The gNB processes the DL data through the layers from
SDAP down to RLC (SDAP)). (9) Again, as the scheduling is
performed periodically in every slot, the data waits in the
RLC layer and is scheduled in the next slot. Next, the
scheduling result specifies the DL slot where the data will
be transmitted to the UE. @ Finally, the UE receives the DL
data in one or multiple symbols of the DL slot. It then passes
the data through the layers from PHY up to APP (PHYY).

Given the breakdown, the three latency sources are sum-
marized as follows. (i) The processing latency exists in both
UE and gNB (cf. @), @, (6—09), @) This latency includes
the time taken for processing data through the layers from
APP down to PHY in the UE and from PHY up to SDAP in
the gNB. (ii) The radio latency (R) also appears in both the
UE (cf. @), 5), (6), @) and gNB (cf. 3), (7), ). This latency
consists of the time spent in RF chains (e.g., analog-to-digital
and digital-to-analog conversions), queuing delays on inter-
face buses, and the bus transmission time. (iii) The protocol
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Figure 3: Overview of the system-level latency for the journey of a packet. A TDD Common Configuration with the DDDU pattern is used.

latency is the most significant, including the configurations

in use (cf. @), @), (6), (7), (9)). Specifically, the SR and grant

procedure noticeably increases the latency of UL transmis-

sions (cf. @) (5)). An alternative grant-free access mechanism

allocates resources to UEs without SRs, reducing latency but

facing scalability issues as the number of UEs increases [9].
It is crucial to note the following points:

o These latency sources can be influenced by numerous factors
specific to the system in use. For example, in software-based
implementations of 5G, processing latency can increase or
exhibit non-deterministic behavior due to the non-real-time
nature of Operating System (OS) scheduling. Additionally,
radio latency varies significantly depending on the inter-
face used, such as PCle, Ethernet, or USB, to connect the
RH to the processor running the 5G stack. Furthermore, al-
though Software-Defined Radios (SDRs) offer more flexibility
compared to ASIC solutions, they introduce additional la-
tency [53]. Another example is the duration of the TDD
pattern. If the latency exceeds one TDD pattern in the above
DDDU configuration (Fig. 2), an entire pattern is missed
before the gNB can respond to the scheduling request. To
address this, it is better to increase the TDD pattern duration
to allow responses to scheduling requests without missing
an entire pattern. However, this also increases the latency.

o These sources are also interdependent. It is essential to con-
sider their interaction and adjust system requirements ac-
cordingly. For instance, the MAC scheduler must be designed
to account for the total processing time in subsequent layers
and radio latency. Failure to do so may result in the radio not
being ready for transmission, leading to a corrupted signal.
Since the sum of these delays is non-deterministic, practical
implementations require the scheduler to include a margin to
ensure the radio is ready on time, further increasing latency.

o Any of these sources can bottleneck the system. For instance,
if the radio latency is 0.3 ms, halving the slot duration from
0.25 ms might not reduce latency and could even increase it.

5 FEASIBLE URLLC DESIGN CHOICES

In the following, we consider both theoretical and practical
constraints to meet URLLC’s latency and reliability. Based
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Figure 4: Worst-case latency for the DM configuration.

on the tests conducted on our real-world testbed, we have
reached the following conclusions.

PHY Configuration: We examine both the FR2 and FR1
bands. While the FR2 (mmWave) band offers slot durations
as low as 15.625 ps to reduce latency, it brings along signif-
icant drawbacks: unreliability due to line-of-sight restric-
tions [32, 41], high power consumption [19], and large signal
bandwidth amplifying the processing-based latency. Hence,
in this paper, we focus on the FR1 band (< 6 GHz), which
offers slot durations of 1ms, 0.5ms, and 0.25ms. Since a
packet may arrive at the RLC queue just after MAC schedul-
ing, it has to wait until it is scheduled in the next slot. As a
result, the latency is at least one slot, and only the 0.25 ms
slot duration can feasibly achieve the URLLC requirements.

MAC Configuration: We examine all the possible options:
all potential TDD Common Configurations, Mini-Slot Config-
urations, and FDD.

—TDD Common Configuration. To explore the lowest latency
for this configuration, we consider the shortest possible TDD
patterns, as longer patterns increase the DL or UL duration
and thus the overall latency. As explained in § 2, the min-
imum pattern duration for TDD Common Configuration is
0.5 ms, which contains only two slots that can be downlink,
uplink, or mixed, i.e., DM, MU, and DU are the only possible
configurations. For the uplink, we consider both grant-based
and grant-free transmission. In grant-based, the UE has to
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Table 1: Evaluation of the 0.5 ms latency requirement for all mini-
mal TDD Common Configurations.

DU DM MU Mini-slot FDD

Grant-Based UL X X X v v
Grant-Free UL v v v v v
DL X v X v v

send an SR before it is granted resources to transmit, as de-
scribed in § 3. In grant-free, the resources are pre-allocated
to the UE, and it does not need to spend time sending SR and
waiting to be granted resources. This reduces latency but
cannot scale to many UEs as these pre-allocated resources
are limited and can be wasted if there are no uplink packets.

Our finding demonstrates that only one configuration,
DM, satisfies the latency requirements of URLLC on both
downlink and uplink for the grant-free scenario as shown
in Tab. 1. We substantiate the claim in Fig. 4 by presenting
the worst-case latencies for grant-free UL, grant-based UL
and DL transmissions. For the UL, the worst-case latency oc-
curs when the UE receives data just after a DL slot starts. In
this case, the UE must wait for the next UL slot, before it can
send the data. For the DL, the worst-case also occurs when
the gNB receives data at the beginning of a DL slot: since
the specific slot is already allocated for other DL data, the
gNB must wait for the next DL slot to schedule the transmis-
sion. For the DM pattern, the worst-case latency of 0.5 ms is
achieved for the grant-free UL and DL transmissions, while
the grant-based UL transmission violates the latency require-
ment. A similar rationale can be applied to understand other
conclusions presented in Tab. 1.

— Mini-Slot Configuration: The Mini-Slot Configuration in 5G
standard offers a more granular scheduling (cf. § 2). Assum-
ing a 0.25 ms time slot, this configuration achieves a latency
of 0.5ms even in the worst-case scenario for grant-based
access?. However, the standard sets a target slot duration of
at least 0.5 ms for the mini-slot configuration [2]. As a result,
since the 0.25 ms slot duration goes against the standard’s
recommendation, it needs to be evaluated in practice.

— FDD: Since at least one TDD configuration meets the la-
tency and reliability requirements, the same applies for FDD,
as it realizes a full-duplex channel for UL and DL.

To give an overview of the trade-offs between the viable
configurations, we consider them in terms of overhead, flex-
ibility and applicability to private 5G: FDD has a higher fre-
quency overhead due to the duplexing distance (guard band)
between UL and DL channels, while TDD has a higher time
overhead from guard symbols. FDD pre-allocates UL and
DL channels, limiting flexibility, unlike TDD which allows
spectrum sharing between UL and DL with many possible

Note that any UE can send SR (one bit) at any time during the UL slot.
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configurations. Among TDD options, the Common Configu-
ration is the least flexible, while the mini-slot is more flexible.
FDD is restricted to frequencies below 2.6 GHz and thus not
possible for private 5G applications like industry automation.
It is important to note that for all viable configurations, the
radio, and processing latency should be less than one slot. If
this threshold is not met, an additional slot is missed, leading
to a deadline violation. To meet the requirements for (i) UL
and DL MAC scheduling, (ii) UL PHY decoding and DL prepa-
ration, and (iii) both UL and DL radio latency, it is essential
to provide a real-world system capable of achieving these
benchmarks. ASIC-based processing and radio transmission
can potentially achieve them, but are less desirable as 5G
moves more toward software. On the other hand, software-
based processing and radio transmission using SDRs present
significant challenges due to the difficulty of providing hard
real-time guarantees. Hence, achieving URLLC in FR1 is
feasible, but necessitates strict hardware and software re-
quirements to meet the latency and reliability constraints.

6 WHAT ABOUT RELIABILITY?

While this work primarily focuses on addressing the chal-
lenges of achieving low-latency in URLLC, reliability remains
a critical factor that is closely intertwined with latency. Relia-
bility in URLLC is a two-fold challenge. The first aspect stems
from the unpredictable nature of the wireless channel, which
can lead to packet loss. This field has been widely studied and
offers a range of trade-offs to achieve the reliability [50, 54].
The second aspect, which relates more directly to our
analysis, involves the non-deterministic nature of latency in
certain components of the 5G system. For example, process-
ing times can fluctuate across layers of the 5G stack , causing
missed deadlines and resulting in packet loss. Another ex-
ample is the delay in submitting samples to the radio and
the associated radio processing time. In Fig. 5, the latency of
submitting samples to the radio is shown against the number
of samples for both USB 2 and USB 3 interfaces between
the processor (CPU) and the RH. As seen in Fig. 5, while
the linear increase in latency is expected as larger samples
take longer to transmit, the more concerning spikes arise
due to delays in the OS scheduling of the sample submission
process. These scheduling delays, if not accounted for with
sufficient margin, can cause packet loss and reliability issues.
Thus, system design must achieve a careful balance be-
tween latency and reliability, as non-deterministic latency
sources can undermine the system’s ability to meet strin-
gent reliability requirements. Some of these issues can be
addressed by using, for instance, real-time kernel for the
OS in software-based 5G network. Future work should fo-
cus on investigating the behavior of the non-deterministic
components, and their broader impact on reliability.
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Figure 5: OS and hardware-imposed delay of submitted samples to
the radio.

Table 2: gNB Layers’ Processing and Queuing Time

SDAP PDCP RLC RLC-q MAC PHY

Mean [ps]  4.65 8.29 412  484.20 55.21 41.55
STD [ps] 6.71 8.99 8.37 89.46 16.31 10.83

7 DEMONSTRATION

In this section, we validate our findings for a specific con-
figuration. For our 5G testbed, we use a modified version of
the open-source srsRAN software suite [47] as our 5G code
and a USRP b210 SDR as our radio platform. The gNB code
is executed on an Intel i7 CPU, providing a fully software-
based 5G stack on the gNB side. We use a SIM8200EA-M2 5G
modem for the UE side. The packets are uniformly generated
within the pattern. We present the latency of DL and UL
channels for the grant-based and grant-free UL in Fig. 6. The
processing time for different layers of the gNB and the RLC
queue waiting time (RLC-q) are given in Tab. 2.

We measure the latency in the n78 band with a slot du-
ration of 0.5 ms. We employ a TDD Common Configuration
with the DDDU pattern. Note that shorter time slots and
DM pattern are not yet supported in the open-source code.
Moreover, our RH uses USB which has relatively higher la-
tency. Consequently, due to the limitations in the software
and hardware in use, URLLC requirements are not met in
this real-world demonstration.

Comparing the best and worst case latency of DL (Fig. 6),
verifies that the initial state of the packet and the protocol-
introduced latency are impactful. In the worst case, data
must wait during the UL slot although it could be transmitted
immediately. In contrast, in the best case, the transmission
is finished in the first three DL slots of the pattern avoiding
the UL slot. Moreover, since the RH in use introduces around
500 ps latency, the transmission must be always delayed for
one slot to give enough time to the RH for preparation.

In the UL channel (Fig. 6), the latency is much bigger than
the DL. It is due to multiple factors. First, the UE needs more
time for processing than gNB. Second, there is only one UL
slot in each TDD period, increasing the waiting time. For
instance, the worst case misses one TDD pattern and must
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Figure 6: One-way latency: (a) grant-based and (b) grant-free.

wait for the next one. Third, comparing Fig. 6a and Fig. 6b,
it is inferred that the SR and Grant procedure introduces
significant latency, by adding one TDD period to the latency
for the handshake. As seen, this one TDD period overhead
can be eliminated by utilizing grant-free access.

The results showing low processing time in Tab. 2, confirm
that using software-based 5G, requirements can be achieved
if the fitting design choices are made. Consequently, it seems
feasible to meet the deadlines (§ 5) utilizing software-based
5G deployments. Nevertheless, higher number of UEs might
increase the processing times noticeably.

8 RELATED WORK

Practical Studies Fezeu et al. [19] evaluate the latency of
several commercial mmWave implementations, achieving
sub-millisecond round trip latency under optimal conditions.
However, they note that sub-millisecond latency is only
achieved in 4.4 % of packets, severely violating the relia-
bility constraint. In the sub-6 GHz bands, Wirth et al. [56]
propose a PHY layer solution for 5G that achieves low la-
tency. However, since this work predates the 5G standards, it
does not incorporate the standard specifications, particularly
those concerning scheduling and protocol latency, which
can significantly increase the overall latency. Joint work by
Nokia and Sennheiser focusing on professional audio applica-
tions [33] achieves a minimum DL latency of approximately
0.8 ms for a single UE, going higher in steps of 0.5ms in
case of retransmission. This work, however, only supports
single-user point-to-point communication using a hardware-
accelerated platform, of which the scalability is limited.

Additional empirical works, conduct latency evaluations
in real-world campus networks [28, 42, 43] or testbeds [16,
40]: Rischke et al. [42, 43] report Round-Trip-Times (RTTs)
between 12 and 40 ms, and evaluate one-way latencies rang-
ing from 2 to 8 ms. Lackner et al. [28] find RTT latencies of 6
to 12 ms, varying significantly with different UEs. Additional
work from Qualcomm [40] indicates mmWave URLLC laten-
cies of 1.9 ms for DL and 4.0 ms for UL. Finally, Ericsson [16]
demonstrate a URLLC use case for industrial automation
with robots, achieving a 5 ms latency.

Theoretical & Simulation-Based Studies Apart from prac-
tical implementations, theoretical studies address the chal-
lenges of achieving low latency by modifying protocols and
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slot configurations. For instance, Nokia [12] emphasizes the
need for slotted MAC, central scheduling, and synchroniza-
tion for deterministic latency. In addition, [27] discusses
avoiding retransmissions to minimize latency, assuming in-
herent end-to-end latency within a few milliseconds. Com-
prehensive reviews such as [10, 15, 17, 18, 37, 38, 49] sur-
vey enabling technologies for URLLC but often overlook
real-world constraints, focusing instead on idealized sce-
narios. For instance, either negligible processing [15, 18] or
protocol-based latencies [18] are assumed. Finally, a lot of
research on scheduling algorithms for URLLC, such as in
[11, 23, 26, 30, 39, 48, 57], focus on managing URLLC packets
alongside other services, assuming low-latency communica-
tion for a single UE and addressing scalability.

9 DISCUSSION & OPEN PROBLEMS

While our work takes the first steps towards answering
whether URLLC requirements are achievable and how to
design and configure 5G networks to achieve them, signifi-
cant open research problems remain:

URLLC in Software-Based 5G. Compared to 5G cellular
deployments with dedicated hardware accelerators and cus-
tomized processing units, software-based 5G implementa-
tions are gaining increased popularity for their ability to
leverage general-purpose programming languages and CPUs,
which provides flexibility, ease of maintenance and updates,
compatibility with commodity hardware, and the ability to
run in virtualized environments [36, 47]. However, software
introduces additional processing and radio delays. Moreover,
the non-determinism of general-purpose OS and CPU makes
it harder to achieve URLLC requirements.

URLLC in Private 5G. Private 5G consists of 5G deploy-
ments managed directly by private enterprises to optimize
network performance for specific use cases such as campus
networks, factory automation, VR classrooms, etc. These ap-
plications particularly benefit from URLLC which is harder
to achieve in private 5G configurations. For example, de-
ploying a private 5G network requires spectrum licensing,
and the available bands are typically limited and mostly just
supporting TDD [35]. Thus, using FDD duplexing, which
has lower latency, is not possible for private 5G networks.

URLLC in the 5G Core. Our paper focused on the 5G Radio
Access Network (RAN). To ensure URLLC is not bottlenecked
by the 5G core, one solution is to replicate the core with a
dedicated one for URLLC packets and another for other ser-
vices like eMBB, though this increases cost and management
overhead. Hence, another research question is the design of
a single 5G core that handles both URLLC and other services.

URLLC with Mini-Slots. Our analysis shows that the mini-
slot configuration can satisfy the latency requirements of
URLLC and is more flexible than TDD Common Configuration.
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However, it suffers from higher network coordination com-
plexity due to more granular scheduling, potentially limiting
the scalability. Moreover, it increases control signaling over-
head, which grows with the number of UEs and reduces the
system’s overall efficiency. Interference management also
becomes challenging due to more overlapping and asynchro-
nous transmissions. As a result, achieving a balance between
latency and scalability remains an open research problem
when leveraging mini-slots.

URLLC Scalability. Our analysis focused on a single UE.
As the number of UEs increases, factors like processing time,
radio latency, contention, and scheduling complexity become
more challenging. Hence, a key research problem is how to
mathematically model the latency for multiple UEs in the
end-to-end 5G network stack, to more accurately capture
the complex interactions among these factors. Furthermore,
our work shows that grant-free access is necessary in certain
cases. Nevertheless, pre-allocating resources can be wasteful
and may not scale to multiple UEs. Another research problem
is how to predict and schedule uplink data arrivals for URLLC
applications to efficiently pre-allocate resources, eliminate
delays incurred in requesting, and improve scalability.

Low-Latency in other Wireless Technologies Existing
technologies like Bluetooth [46] and Wi-Fi provide alterna-
tive solutions for URLLC but come with significant limita-
tions. Bluetooth, with a fixed 625 ps slot length, supports
only seven devices per piconet and operates using master-
slave TDD communication, limiting its scalability and flexibil-
ity [46]. Its maximum transmit power of 2.5 mW also restricts
the range. Wi-Fi employs a decentralized, contention-based
access mechanism, leading to unpredictable medium access
delays. These characteristics make both technologies less
suited for low-latency, which is specifically targeted by 5G’s
adaptable slot configurations and centralized scheduling.

10 CONCLUSION

In this paper, we argue that after almost ten years from
URLLC’s initial conception, it is still unclear how to achieve
it in 5G. Most research on URLLC ignores critical system and
protocol properties that increase the latency. We take the
first steps to investigate if and how URLLC can be achieved.
We provide a comprehensive analysis of latency sources in
5G and propose all possible configurations to meet URLLC’s
requirements. Our findings confirm that URLLC is theoreti-
cally achievable but under very specific circumstances with
stringent hardware and software conditions. However, more
research is required before we can deliver 5G systems that
enable URLLC as highlighted in our discussion above.
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